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1.  INTRODUCTION 

This  report  describee  Che  work  performed  during  Che  quarter  from 
June  1,  1961  through  August  31,  1961.  Tills  period  begins  at  the  completion 
of  the  first;  year's  work  which  was  covered  In  the  recently  published  First 
Annual  Summary  Technical  Report. 

Emphasis  has  been  shifted  to  cover  rocket-motor  testing  of  nozzles 
containing  pyrolytic  graphite  coatings.  Deposition  studies  and  mechanical 
design  studies  will  be  continued  as  needed  to  assure  the  moat  successful  per¬ 
formance  in  motor  tests. 
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II.  SUMMARY  AND  CONCLUSIONS 

In  deposition  studies,  the  effect  nf  the  gas  dyeainlcs  on  the 
uniformity  of  the  pyrolytic  graphite  deposit  was  noted.  The  process  gas 
flow  through  the  injector  must  be  balanced  with  that  outside  the  injector 
for  optimum  unifoxmity.  The  furnace  equipment  was  modified  to  allow  sub* 
strate  rotation  during  deposition.  A  preliminary  assessment  of  the  effect 
of  the  substrate  surface  finish  on  the  deposited  coating  was  also  made. 

In  the  mechanical  design  studies,  a  derivation  was  completed 
for  the  exact  stress'strain  relations  for  a  t.  ice«*ial  which  exhibits  the 
form  of  elastic  and  thermal  anisotropy  found  in  pyroly^C' graphite.  The 
over-all  problem  of  stress-strain  in  a  cylinder  of  finite  length  was  then 
set  up.  The  problem  was  separated  into  two  parts,  one  dealing  with  the 
central  portion  of  the  cylinder  and  other  dealing  with  the  end  effects.  In 
the  first  part,  expressions  for  the  stresses  in  a  hollow  cylinder  of  pyrolytic 
graphite  were  derived  for  a  section  removed  sufficiently  from  the  ends  of 
the  cylinder  so  that  the  edge  effects  were  not  significant.  Numerical  examples 
will  be  calculated  for  different  radii  and  for  different  pyrolytic  graphite 
thicknesses.  The  second  part  will  be  solved  creating  the- edge-effect  problem 
which  is  known  to  be  closely  related  with  coating  failures.  Since  the  thick¬ 
nesses  of  practical  coatings  of  pyrolytic  graphite  is  usually  small  compared 
to  its  radius,  a  thln-wall  approximation  will  be  considered. 

In  the  motor- firing  program,  a  pyrolytic  graphite  test  piece  having 
a  coarse-grained  microstructure  was  successfully  tested  in  a  60-second  fir¬ 
ing  with  Arcite  373  (5600”?)  propellant.  A  segmented  nozzle  was  used^  in 
which  the  test  piece  was  a  concentric  ring  in  the  throat.  The  segmented 
test  nozzle  was  then  redesigned  to  use  a  larger,  contoured  section  of 
pyrolytic  graphite  at  the  throat.  Redesign  was  necessary  for  hotter  firings 
(6500*F)  since  no  other  grade  of  graphite  is  servlcable  near  the  throat  section 
under  such  demanding  conditions.  Tlic  substrate  failed  in  one  attempt  to  coat 
a  nozzle  test  piece.  The  suoctratc  mechanical  failure  was  coincident  with 
a  furnace-tube  failure.  The  furnace  was  repaired  and  further  deposition  testa 
and  nozzle  preparation  work  is  under  way. 
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III.  DEPOSITION  PROCESS  STUDIES 

The  thickness  and  unifomity  of  the  pyrolytic  graphite  coating 
are  sensitive  to  the  gas  dynamics  In  the  deposition  zone.  To  prepare  nozzle 
test  pieces  of  the  desired  quality  and  configuration,  the  effect  of  gas 
dynamics,  substrate  geometry,  and  surface  finish  are  being  studied.  During 
the  period  the  effects  of  gas  distribution  and  surface  finish  were  Investl* 
gated.  A  standard  cylindrical  substrate  of  one  Inch  Inside  diameter  was 
used,  and  all  runs  were  made  with  methane  as  the  carbon  source  with  a  total 
gas  flow  rate  (methane  plus  diluent)  of  20  SCFH. 

Twelve  deposition  runs  \^ere  made  as  shown  In  Table  I.  The  rate 
of  deposition  of  pyrolytic  graphite  Is  affected  by  the  methane  concentra¬ 
tion.  But  of  greater  importance  is  the  effect  of  gas  distribution  on 
uniformity  of  coating.  In  general,  an  expansion  tip  on  the  gas  injector 
appears  to  Improve  gas  distribution  and  the  control  of  coating  uniformity. 
;:ouever,  in  Run  34  when  all  the  process  gas  entered  through  the  injector, 
a  heavy  deposit  was  formed  over  the  first  four  inches  of  the  substrate  with 
a  thinner,  non-uniform  deposit  over  the  remainder  of  the  substrate.  In  Run 
33,  a  non-uniform  deposit  was  formed  by  passing  40  per  cent  of  the  total 
gas  through  the  annulus.  The  non-unlformlty  appeared  as  a  slightly  thicker 
coating  at  the  outlet  end  of  the  substrate.  In  Run  32,  a  very  uniform 
deposit  was  obtained  by  passing  10  per  cent  of  the  total  gas  flow  outside 
the  injector. 

Control  of  the  uniformity  of  the  coating  In  the  radial  direction 
f,  also  Important.  Careful  centering  of  the  Injector  In  the  substrate  tube 
can  help  produce  good  results.  A) so,  provision  was  made  to  rotate  the 
substrate  relative  to  the  injector  which  should  allow  additional  control 
of  the  radial  uniformity. 

Tlie  surface  finish  of  the  substrate,  in  the  range  from  80  to 
^'00  grit,  does  not  appear  to  affect  the  coating  greatly  except  that  the 
finish  of  the  coating  reflects  the  substrate  finish.  The  substrate  surface 
roughness  might  be  expected  to  affect  the  bond  strength  between  the  pyrolytic 
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graphite  coating  and  the  substrate,  but  this  point  has  not  been  studied  as 
yet.  The  mechanical  design  and  stress  analysis  should  provide  guidance 
concerning  the  strength  needed  at  the  coating -substrate  interface. 

The  possible  advantages  of  deposition  of  pyrolytic  graphite  at 
temperatures  below  2000”C  Justify  a  study  of  deposition  at  lower  temperature 
In  the  first  run  of  the  series,  a  failure  of  the  heating  element  in  the 
furnace  and  the  necessary  repair  delayed  the  remaining  runs.  However,  the 
furnace  is  now  ready  for  operation  and  this  study  will  be  resumed. 
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IV.  MEQIAI^ICAL  DESIGN  STUDIES 

In  the  First  Annual  Summary  Technical  Report,^  the  effect  of  two 
moduli  of  elasticity  (one  perpendicular  and  one  parallel  to  the  surface) 
on  the  maximum  stress  in  a  cylinder  under  axlaymmetric  load  was  derived. 

This  preliminary  analysis  was  simplified  by  an  assumption  of  plane  strain 
which  is  equivalent  to  placing  a  restraint  on  the  ends  of  the  cylinder  which 
does  not  usually  exist.  It  now  appears  advantageous  to  make  a  more  exact 
stress  analysis  for  pyrolytic  graphite  shells. 

An  acceptable  mechanical  design  for  a  pyrolytic  graphite  nozzle 
must  be  one  in  which  the  stresses  in  the  nozzle  do  not  exceed  the  strength 
of  the  materials.  The  stresses  which  appear  in  a  pyrolytic  graphite  structure 
may  be  categorized  into  three  groups  as  follows: 

(1)  Residual  stresses  produced  in  manufacture, 

(2)  Pressurization  stresses  produced  In  service,  and 

(3)  Thermal  stresses  in  service  produced  by  transient  temperature 
gradients. 

The  stresses  in  (1)  above  arise  because  of  the  unequal  thermal  contraction 
of  pyrolytic  graphite  in  its  a-direction  and  c-direction  during  cooling 
from  the  deposition  temperature.  The  calculation  of  these  stresses  is 
complicated  by  the  elastic  anisotropy  of  the  material.  The  residual  stresses 
from  manufacture  for  a  pyrolytic  graphite  coating  on  a  substrate  will  be 
different  from  those  in  a  free-standing  shell  of  pyrolytic  graphite,  but  the 
stresses  will  not  vanish  in  either  case.  The  stresses  in  groups  (2)  and  (3) 
are  caused  by  using  the  material  in  a  rocket  motor  environment.  The  stresses 
in  group  (3)  are  expected  to  be  significant  since  the  low  thermal  conductiv¬ 
ity  of  pyrolytic  graphite  in  its  c-direction  leads  to  very  large  thermal 
gradients  across  the  thickness  of  the  pyrolytic  graphite  shell. 

Tlie  following  mathematical  analysis  represents  the  first  phase 
of  the  attack  on  the  stress  analysis  problem.  Simplifying  assumptions 
have  been  avoided  so  that  general  applicability  can  be  maintained.  Numer¬ 
ical  examples  will  be  used  to  Illustrate  the  analysis  when  explicit  solutions 
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become  tedious.  The  stress  analysis  will  be  continued  in  an  effort  to 
treat  geometries  of  importance  for  rocket  motor  nossles.  The  vork  re¬ 
ported  here  appears  to  be  of  sufficient  importance  as  ground-vork  to  be 
published  at  this  time. 

A.  STRESS-STRAIN  RELATIONS  FOR  PYROLYTIC  GSIAPHITB 


Pyrolytic  graphite,  which  exhibits  a  limited  form  of  anisotropy, 

is  better  described  as  a  "transversely  isotropic"  material,  i.e.,  all 

directions  parallel  to  the  deposit  plane  are  elastically  equivalent.  It 
2 

can  be  shown  that  the  energy  stored  per  unit  volume  of  such  a  material 
is  given  in  terms  of  the  local  strains  by  an  expression  involving  five 
independent  constants.  Taking  a  rectangular  coordinate  system  with  the 
y-axis  perpendicular  to  the  deposit  plant,  this  "strain-energy  function" 
may  be  written  as 


^  (‘x"  ♦  "-f  s" 


♦  C,-  (€  C  +  €  C  ) 
12  ^  X  y  y  s' 


■111. 


i  d.  d^ 


’ll 


-  C 


il 


xy 


yz 


zx 


(1) 


where  the  C's  are  constants,  the  c's  are  normal  strains,  and  the  y's  are 
shear  strains.  The  nomenclature  is  standard  engineering  notation  such 
as  that  described  by  Timoshenko.^  The  stress-strain  relations  for  such 
a  material  may  be  found  from  (1)  by  partial  differentiation: 


>0  ■  C,,€  +  C,_6  +  C,_c 

X  11  X  12  y  13  z 

-  <T  “  c,-€  +  c..,-e  +  C,_c 

0€  y  12  X  22  y  12  z 

y 
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(2.5) 
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07  cx  2  'ex 

'ex 

where  the  o'e  ere  nomel  streseee  and  the  t's  are  ihcar  streaaea. 


(2.6) 


The  straln-streea  relatione  nay  also  be  written  in  terns  of 
seven  "engineering"  elastic  moduli: 


1  li  h 
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(3.1) 


(3.2) 


(3-3) 


(3.4) 


(3.5) 


(3.6) 


where  the  v's  are  Poisson's  ratios,  the  E's  are  Young's  moduli,  and  the 
G's  are  moduli  of  rigidity.  The  subscript  M  refers  to  the  plane  parallel 
to  the  coating  surface  (a-directton  in  pyrolytic  graphite  terminology); 
the  subscript  i  refers  to  the  axis  perpendicular  to  the  coating  surface 
(c-dlrection).  Only  five  of  the  engineering  moduli  are  independent, 
since  it  can  be  deduced  from  the  equations  (2)  that 


(4.1) 


(4.2) 


2(1  +  V, 
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(6.5) 


The  condition  that  the  strain- energy  function  (I)  must  alway^  be 
positive  or  zero  leads  to  a  set  of  inequalities  which  must  be  satisfied 
by  the  C's: 


1,  *0 

(7.1) 

11  *'13  *-'11 

(7.2) 

asm'll  "  'i3>  -  “la"  *  0 

(7.3) 

44*0 

(7.U) 

The  corresponding  inequalities  for  the  engineering  modul  are 


If  thermal  expansion  effects  are  important,  the  equations  (3)  must 
be  rewritten  as 
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zx 


where 


A„  (T) 
(T) 


+  kj^  (T) 
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(9-2) 

(9-3) 

(9A) 

(9-5) 

(9.6) 

rio.i) 

(10.2) 


Here  a,,  and  are  the  thermal  expansion  coefficients  of  the  material 
in  directions  respectively  parallel  to,  and  perpendicular  to  the  deposit 
plane. 

In  the  case  of  pyrolytic  graphite,  "T^"  must  be  interpreted  as 
a  temperature  at  which  the  material  is  free  of  internal  thermal  stresses, 
e.g.  the  deposition  temperature. 

When  the  equations  (3)  are  similarly  modified  to  include  the 
effects  of  thermal  expansion,  the  results  are 


11®X 

+  C,_C 
12  y 

=  c.,^€ 

12  X 

22  y 

+  C,_€ 

13  X 

12  y 

T  »  C,  ,  7 
xy  44  xy 


^  S3S  ■  ®l 

T  (T) 

T  (T) 


(11.1) 

(11.2) 
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T 

yz 
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(11.6) 


where 

®1  ^13^  *  ^12 

Bg  (T)  -  2C^2  A„  (T)  .►  Cgg  Aj^  (T)  (12.2) 

B.  STRESSES  IN  A  HOLLOW  CYLINDER  OF  PYROLYTIC  GRAPHITE 

The  stress-strain  relations  derived  above  (Equations  11) 
must  be  converted  to  the  cylindrical  coordinate  system  (r,  6,  z). 

Since  pyrolytic  graphite  costings  form  with  the  layer  planes  (a-dlrectlon) 
parallel  to  the  substrate  surface,  the  axis  of  elastic  synmetry  (c- 


direction)  of  the  pyrolytic  graphite  Is  radially  directed, 
cal  coordinates  the  equations  (11)  become: 

In  cyllndrl- 

%  ■  =ii‘e  *  ®i2‘t  *  -  “i 

(13. 1) 

"r  ■  “u'o  ♦  =22%  "  =12%  ••  '2 

(13.2) 
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(13-3) 
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(13.4) 

T  -  C,  ,  7 
rz  44  rz 

(13.5) 

^  ,  jn  ihl  y 

Qz  2  'flz 

(13.6) 

The  cylinder  Is  arisumed  to  be  of  flnte  length  2L;  the  ends 
at  z  >  ±  L  are  free  to  move. 

We  will  consider  those  stresses  which  arise  from  pressuriza¬ 
tion,  unequal  thermal  expansion  coefficients,  and  radial  temperature 
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gradients.  In  all  these  cases  the  elastic  defonoation  is  axisymnetric, 

and  the  shearing  strains  vanish.  Prom  (13-4)  and  (13*6),  the 

shearing  stresses  T  _  and  T.  must  vanish  also. 

T9  9z 

The  equations  of  elastic  equilibrium  reduce  to 


(IV.I) 


St  So  T 
rz  ,  _ z  ^  rz 
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or  a*  r 
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(14.2) 


Now  let  u,  V,  N  be  the  displacements  of  the  strained  elastic  material 

parallel  to  the  r,  0,  and  Z  axes,  respectively.  Because  of  the  axisym- 

metric  nature  of  this  problem,  v  ■  o.  The  strains  c  ,  c.,  c  ,  7  are 

r  e  z  rz 

connected  with  the  displacements  u,  by  the  equations 
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(15.4) 


By  using  the  stress-strain  equations  (13)> 
be  expressed  in  terms  of  the  displacements  as 
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the  stresses  can 
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T 

rz 


(16.M 


(Here  Bj^(r)  and  Bg(r)  have  been  written  Instead  of  B^[T(r)]  and 
B2tT(r)].)  Putting  these  relations  into  the  equilibrium  equations  (1^), 
we  find 


'22 
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and 
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Ue  must  solve  the  equations  (17.1)  end  (17-2)  with  the  boundary 
conditions 
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Here  P 

and  P 

i 

are  the 

inside  and 

outside  pressures  and  R  and  R 

are  the  inside  and  outside  radii,  respectively. 

The  solution  u(r,z),  W(r,z)  of  the  equations  (I7)t  (l6) 
can  be  made  to  depend  on  the  solutions  of  two  simpler  problems: 

Problem  »A» 

Solve  the  equations  (1?)  in  an  Infinitely  long  cylinder  with 
the  boundary  conditions  o^  »  P^,  *0  atr»R^  (19.1) 
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and  subject  to  the  restriction  that  /  °  * 


(19.3) 


Denote  the  displacements  and  stresses  obtained  by  the  subscript  "A", 

i.e.  u^,  W^,  ,  etc. 

A 

Problem  "B” 

Solve  the  equations  (17),  without  the  thermal  stress  terms 
which  appear  on  the  right  hand  side  of  (17«1),  In  a  semi* Infinite  cylin¬ 
der  with  the  boundary  conditions  *0  at  r  •  (20.1) 


0  m  t  aOatTaR 

r  rs  o 


(20.2) 


0,  »  F(r),  T  «  G(r)  at  z  >  0  (20.3) 

Z  kS 


The  function  P(r),  which  gives  the  distribution  of  normal 
forces  over  the  end  of  the  cylinder,  is  subject  to  the  condition  that 


^  F(r)  rdr  »  0,  I.e.  these  forces  must 


(20.4) 


be  self-equlllbratlng.  In  obtaining  the  stresses  a^,  0  ,  t  omit 
the  thermal  stress  terms  B^(T),  82(7)  in  (I6.I),  (16.2),  (16.3). 

Denote  the  displacements  and  stresses  obtained  by  the  subscript  "B". 

If  both  problems  "A"  and  "B"  have  been  solved,  the  solution 
u,  W  of  the  original  problem  (1?),  (18)  may  be  obtained  as  follows: 

Apply  the  formulae  for  problem  "B"  with  P(r)  ■  -  a  ,  G(r)  « 

*A 

0.  Call  the  resulting  displacements  and  stresses  ^u^, 

B  * 


Apply  the  formulae  for  problem  ’’B"  with  F(r 


z  •  2V 


* 

"  ”  1^1^^  •  2L.  Call  the  resulting  displacements  and  stresses 


2“b’  2“d’  2®rg* 


I 

S’‘ 


I 

i 


S' 

I 

iill 
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G(r) 


Apply  the  formulae  for  problem  "B"  with  F(r) 


-I 


^  BJ*  »  2L 

Call  the  resulting  displacements  and  stresses 


2L. 


3“b'  3“b’  3‘'rg,  etc. 

And  so  forth  • 


The  solution  of  the  original  problem  can  now  be  written  as 


u  »  + 


W  -  W^(rjS) 


0-  *  0  (r) 

^  A 


jUj(t,  L  .  2)  »  2U|,(r.  L  -  2)  +  .  .  . 

jUj(t,  I,  »  2)  ♦  2U,(r,  I.  *  2)  ♦ 

♦  jWjCf.  1.  -  2)  ♦  2V'  >■-*)♦••• 

.  jWj(r.  L  ♦  2)  ♦  2«,(r.  I,  +  2)  .  .  .  . 

+  icr_  (r,  L  -  z)  ♦  «o  (r,  L  -  *)  ♦  .  .  . 

^  B 

1O-  (r,  L  +  z)  (r,  L  +  *)  +  ,  .  . 

B  B 


(21.1) 


(21.2) 


(21.3) 


and  so  forth  . 

The  series  (21)  should  converge  rapidly  if  the  ratio 

T" 

of  the  cylinder  wall  thickness  to  the  cylinder  half-length  is  small. 


A  similar  image  superposition  procedure  will  reduce  any 
problem  involving  single  or  composite  elastic  solids  of  revolution  to 
a  problem  of  type  "A",  dealing  with  the  response  of  an  Infinite  solid  to 
pressurization  and  thermal  stresses,  and  problems  of  type  "B”,  dealing 
with  the  response  of  a  semi-infinite  solid  to  self-equilibriating  nor¬ 
mal  stresses  and  tractions  applied  to  the  end  surface. 

It  should  be  noted  that  the  equations  (17)  can  be  used  to 
calculate  transient  thermal  stresses  only  if  the  elastic  constants 
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^11’  ^12*  ^13*  ^22*  Independent  of  temperature  for  the  temperature 

range  being  considered.  If  this  Is  not  the  case,  additional  terms 
appear  in  the  equations  (I?)*  The  reduction  to  problems  of  the  types 
"A"  and  "B*'  can  sti'.  be  carried  out,  but  the  type  "B"  equations  are  no 
longer  free  of  thermal  stress  terms. 

Ue  will  now  consider  the  problem  "A"  for  a  hollow  cylinder 
of  transversely  isotropic  ma ter lal,  making  the  assumption  that  the 
elastic  constants  are  independent  of  ten^erature: 

Since  the  cylinder  is  infinitely  long, 


St. 

ST  “  sr  ■  ST  *  ■'t.  ■  ’’r,  sr  ■  ST  •  f;  * 


Moreover,  the  cylinder  is  in  a  state  of  constant  axial  strain;  i.e. 


^  •  K  (a  constant),  and  ^  ■  0*  (These  results  hold  for  multi¬ 
layer,  composite  cylinders  also.) 


The  second  equilibrium  equation  (17.2)  is  satisfied  identi¬ 
cally.  The  first  equilibrium  equation  (17.1)  reduces  to 


d  u  1  ^ 

.2  r  dr 

dr 


11  u 

^7 


B2(r)  -  D^(r) 


K  (C 


^22" 


+ 


(22.1) 


Using  the  relations  (16),  the  boundary  conditions  (19.1),  (19.2) 
reduce  to 


“r  ■  '=12  5^  "  <=22  ^  *  <=12X  '  '2  <»1> 

°t  ■  '=12  «"  *  <=22  3f  *  <=12^  ■  ®2  **0  = 

o 

Finally,  the  condition  (19.3)  becomes 


at  r 

P  at  r 
o 


(22.2) 

(22.3) 
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ardr 

s 


nR 
I  O 


C'l3  ?  *  <=12  f  *  'llX  ■  >1  «')] 


This  Last  condition  (22.4)  will  determine  the  constant  K.  The  general 
solution  of  the  equation  (22.1)  Is  of  the  form 

^^13  ■  ^12  .  r  .  -y 

u  =  -p, - ;; —  Kr  A  r'  +  A.r  ' 

^22  "hi  ^ 


r,  .r  ,rfVr)-B^(r)  dB2-| 

^2  i;  L  ' 


r^^^  dr dr. 

(23) 

hi 

(24) 

^22 

Wc  Xirlll  consider  only  the  case  In  which  the  cylinder  Is  at 
a  uniform  temperature.  The  getieral  solution  of  (22# I)  ie  then 


^13  ”  ^12  ^2  "  ^1  7  -7 

u  a  - - —  - - _j —  j.  +  A,r'  +  A.,r  '. 


"22  '"11 


(25) 


'22  '*11 


(Ihen  this  expression  is  substituted  Into  the  boundary  condi> 
Cions  (22.2),  (22.3)  and  Into  the  equilibrium  condition  (22.4),  three 
simultaneous  equations  are  found  which  must  be  solved  for  the  three 
unknowns  K,  A^^,  A2.  These  equations  may  be  written  as 


^11^  ^12\  ^13^  “  ®1 


F21K  +  P22A,  +  F23A2  -  G2 


F31K  +  P32A^  +  F33A2  -  Gj 


with 


11 


12 


^13  '  ^12 

h2  C22  -  ^h2  ^22^ 


^h2  ^^22^  h 


7-1 


(26.1) 

(26.2) 

(26.3) 

(27.1) 

(27.2) 
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fu  ■  <=12  ■  >"=22)  “l 


r-  1 


G  -  P  +  B  -  TT^ - (B,  -  B  ) 

1  i  2  ^22  -  C^l  ^  1 

”  ^12 

*^21  “  ^12  ^  C22  -  ^^‘i2  ■"  ^2^ 


(C,,  +  7C„)  R 


7-  1 


22  ^^12  '22'  “o 


^23  "  ^*^12  ■  ’'^2^  ®o 


7-  1 


C.^  +  C22 

Go  -  P  +  Do  -  TT^ - (Bo  -  B.) 

2  o  2  G.o“V<, ,  i  J. 


’  ‘  ^^22  11 

C  ^  -  C  ^  > 

^13  ^12_  ^  c 

^22  ‘  ^11 


2  2 
R  -  R, 
o  t 


‘'32  ■  <=13  *  ^=12> 


^33  *  <=13  ’  ^=12^ 


R  <  *  >■-  R 
o  i _ 

1  +  7 

R  <  ■  ^  r/  •  ^ 

0 _ t 


1  -  7 


r  ^12  ^  ^13 

=3-k-^^<“2-B 


2  o  2 


R  -  r; 

)  -^2 - i 

1^  2 


(27.3) 


(27.4) 


(27.5) 


(27.6) 


(27  7) 


(27.8) 


(27.9) 


(27.10) 


(27.11) 


(27.12) 


Substitution  of  the  solutions  K,  Aj^,  A2  of  the  equations 
(26)  into  (25)  gives  the  final  expression  for  the  radial  displacement 
u.  Tlie  stresses  in  the  cylinder  can  then  be  found  from  the  equations 


(16): 


'r  ■  ^11*^  **1  ■  °1  ^^12  ^^^22^  ^  ■  ’'^22^  V 


'e  11 


^i  ■  ®i  ^^11  ■"  ’'^12^  ^  ■"  ^^11  '  ’'^12^  V 


0  .  -5 - 2  (^31*"  -  ^^13  ^  ’'^12^ 

^ 


7  '  1 


+  (Ci3  -  70^2)  A2r 
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The  stresses  In  a  cylinder  of  finite  length  will  consist  of 
"Problem  A"  stresses  in  Che  center  such  as  chose  calculated  from 
equations  (28),  (29),  and  (30),  plus  the  additional  stresses  of  the 
"Problem  B"  type  near  the  ends  of  the  cylinder.  In  particular,  the 
shearing  stress  t  Is  sero  In  the  center  portion  of  such  a  cylinder, 
but  may  become  quite  large  near  the  cylinder  ends.  This  fact  has  led 
to  the  conclusion  that  pyrolytic  graphite  coatings  may  fall  near  their 
edges.  However,  the  quantitative  evaluation  of  this  effect  depends  on 
the  development  of  methods  for  the  solution  of  problems  of  the  type  '*B", 
which  are  mathematically  more  difficult  than  those  of  type  "A".  Several 
approaches  to  these  problems  are  being  considered;  details  will  be 
given  in  a  later  report. 
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V.  MOTOR  FIRING  TESTS 

Results  were  reported  previously^  for  tvo  pyrolytic  graphite 
coatings  of  fine-grained  micros tructure.  During  the  current  quarter, 
a  notsle  of  coarse-grained  micros  true ture  was  tested.  The  coarse  material 
performed  only  slightly  less  favorably  than  the  fine  material-  An  average 
erosion  rate  of  0.l6  mil/sec  was  observed  during  the  62-second  firing  at  917 
psia  average  pressure.  The  test  was  made  using  Arcite  373  (aluminiaed,  5600*F 
flame  temperature)  and  the  segmented  nozzle  as  in  earlier  tests.  Figure  1 
shows  a  section  of  the  pyrolytic  graphite  coating  before  and  after  firing. 

These  data  indicate  that,  even  though  a  fine-grained  micro¬ 
structure  is  superior,  a  coarse  microstructure  can  perform  well  in  this 
propellant  if  the  coating  is  free  of  major  cracks  and  delaminations.  Hotter- 
propellant  firings  are  needed  to  critically  differentiate  between  pyrolytic 
graphite  coatings.  Pyrolytic  graphite  can  contribute  to  a  real  improve¬ 
ment  in  rocket  nozzle  technology  in  these  hotter  propellants. 

The  segmented  test  nozzle  used  in  the  Arcite  373  (5600*F)  firings 
was  modified  for  use  with  6500*F  Arcocel  propellant.  The  throat  section 
coated  with  pyrolytic  graphite  was  lengthened  to  3/l+-inch  and  contoured 
to  the  standard  nozzle  configuration.  A  throat  section  of  pyrolytic 
graphite  was  necessary  because  no  ocher  grade  of  graphite  is  available 
which  will  not  erode  excessively  near  the  throat  at  these  higher  temperatures. 

One  nozzle  test  piece  was  coated  for  the  contoured  assembly,  but 
a  mechanical  failure  occurred  in  the  substrate  coincident  with  the  furnace- 
tube  failure.  Since  microscopic  examination  showed  a  void-free  coating  of 
fine-grained  microstructure,  process  conditions  will  be  duplicated  for  the 
next  nozzle  test  section. 
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Figure  1.  Nozzle  Coated  with  Coarse  Grained 
Microstructure  Pyrolytic  Graphite 
Before  and  After  Firing  ( 185X) 
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